o  o  m 


AD-772  677 


LECTRON  BEAM  MICROANALYSIS  OF  ELECTRO- 
HEMICAL  ATTACK  ON  THIN  FILM  NICKEL- 
HROMIUM  RESISTORS 

John  J.  Bart 

Rome  Air  Development  Center 
Griffiss  Air  Force  Base,  New  York 

October  1973 


DISTRIBUTED  BY: 


ftfll  p  COPY 


u.  i  iiiniUMwi  w  tmumi 

5285  Port  Royal  Hm4,  SpfegffeM  Vi.  22151 


AD-77,2^/7 


SECURITY  CLASSIFICATION  of  THIS  PAGE  'H9i«n  P*t«  Entered )  _ I  *  ***  *  ' _ 

REPORT  DOCUMENTATION  PAGE  f~  B^Ebco mpletSgtorm’ 

1  REPORT  NUMBER  “  j2.  GOVT  ACCESSION  NO  VT  RECIPIENT'S  CATALOG  NUMBER 


\  REPORT  NUMBER  .  r  )2.  GOVT  ACCESSIO 

RACC-TF-7 3-220  j 

4.  TITLE  (arid  Subtitle) 

ELECTROS  BEAM  MICROANALYSIS  OP  ELECTROCHEMICAL 
ATTACK  OK  THIN  FILM  NICKEL-CHROMIUM  RESISTORS 

i 

>■  AuT  HOR?aJ  <— — ____________ 


5.  TYPE  OF  REPORT  &  PERIOD  COVERED 

In-House  Report 

«.  PERFORMING  ORcVrEPORT  NUM8ER 

RADC-TR-73-220 

CONTRACT  OR  GRANT  NUMBERS; 


John  J.  Bart 


9.  PERFORMING  ORGANIIATION  NAME  AND  AODRSS5  , 

Rome  Air  Development  Center  (RBRP) 
Griffins  Air  Force  Base,  Nev  York  13hhl 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK. 
AREA  »  WORK  UNIT  NUMBERS 

Job  Order  No.  55190639 


1 1  I.  CONTROLLING  OFFICE  NAME  AMO  AODRESS 


12.  REPORT  OATS 

October  1973 


Same  ,3-  number  of  paces 

32  • 

H.  MONITORING  AGENCY.NA.S~E  6  ADORESSflf  dlrtefont  1mm  Controlling  'Office);  IS.  SECURITY  CLASS,  lot  this  report) 

Unclassified 

Same 


15/i.  DECLASSIFICATION/ DOWNGRADING 
.  SCHEDULE 

N/A 


[16  distribution  statement  (of  tnu  Kepott) 


Approved  for  public  release;  distribution  of  this  document  is  unlimited 


17.  DISTRIBUTION  STATEMENT  (of  the  sbstreci  entorod  In  Block  70,  ft  dltfemnt  from  Keport) 


10  5ljP«»  i'McNl  ARV.  NGTEi,  . 


19  KEY  WORDS  (Continue  oti  rdvorse  side  ft  rooost/try  on.i  identity  by  blork  number) 

Reliability  Reproduced  by 

Integrated  Circuits  NATIONAL  TECHNICAL 

Thin  Film  Resistors  INFORMATION  SERVICE 

Corrosion  U  fi  Department  of  Conimopi'  .. 

Electron  Beam  Microanalysis  spiinaiwM  va  mji 

20.  ABSTRACT  (Continue  on  rovoruo  aide  If  noco«f.*ry  mui  Identify  by  block  number) 

The  performance  of  recently  developed  integrated  circuits  was  evaluated 
for  several  types  of  environmental  and  electrical  stress  conditions.  The 
principal  cause  of  failure  in  these  devices  was  the  electrochemical  attack 
'  of  the  thin  film  nickel-chromium  resistors  evaporated  on  the  surface  of 
these  circuits. 


DD  I  JAN *75  1473.  EDITION  OF  UyOV  05  IS  OBSOLETE 


_>•  UNCLASSIFIED 

SECURITY  etAStfnCATwToFTHlS  PAGE  fVlTm  V)(i/«"F/il*/<irf; 


PREFACE 


In  order  to  establish  the  problems  inherent  in  the  use  of  low-power  radiation-hardened  integrated  circuits  in  high 
reliability  Air  Force  electronic  systems,  a  program  of  device  test  and  analysis  was  undertaken  at  the  Rome  Air 
Development  Center. 

This  report  is  an  account  of  the  various  analyses  which  led  to  the  description  of  the  basic  failure  mode  of  these 
circuits  -  the  electrochemical  attack  of  the  thin  film  nickel-chromium  resistors. 
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SUMMARY 


The  performance  of  recently  developed  integrated  circuits  was  evaluated  for  several  types  of  environmental  and 
electrical  stress  conditions.  Tire  principal  cause  of  failure  in  these  devices  was  the  elccliodieniieal  attack  of  the  thin 
film  nickel-chromium  resistois  evaporated  on  the  smface  of  these  circuits. 

An  election  beam  microanalyzei  was  used  to  chemically  analyze  the  reacted  resistor  films.  The  x-ray  spectro- 
chemical  data  obtained  with  this  instrument  was  used  to  identify  the  basic  nature  of  the  electiochemical  reaction. 
Important  structural  defects  in  these  devices  were  examined  with  a  scanning  electron  microscope.  Finally,  mass 
spectrometry  was  used  to  characterize  the  gas  found  inside  the  hermetically-enclosed  device  package. 

These  analytical  techniques  identified  (lie  steps  which  led  to  the  observed  attack  of  the  thin  film  N'i  C.'r  resistors. 

(a)  Moisture  present  inside  the  hermetic  package,  under  low  temperature  operating  conditions,  would  pre¬ 
ferentially  condense  in  defect  sites  in  the  deposited  glass  layer  over  the  resistors. 

(b>  Sodium  contamination,  arising  from  the  glass  materials  used  to  make  the  device  package,  ionized  the 
condensed  water  and  caused  an  excess  hydroxyl  ion  concentration. 

(c)  The  hydroxyl  ions  reacted  with  the  thin  film  tesislors  resulting  in  the  formation  of  complex  anions  of 
both  nickel  and  chromium. 

(d)  Potentials  applied  it'  I  lie  device  caused  the  negative  complex  ions  In  migrate  to  positively  biased  points 
on  the  surface  of  the  device. 

(c)  The  chemical  attack  and  subsequent  olcettochcmicai  transport  of  ions  proceeded  until  the  nickel  and 
chromium  was  completely  removed,  thereby  icmlting  in  an  open -resistor. 

based  on  these  findings,  the  following  recommendations  were  made  in  mdor  to  minimize  the  susceptibility  of 
this  type  oi  integrated  cheuit  to  failure: 

(a)  Use  a  deleet-liee  deposited  glass  la.vet  which  is  compatible  with  th,:  temperature  levels  required  to 
fabricate  a  packaged  device. 

(b)  iiUminatc  contaminants  such  as  water  and  sodium  llitout-.h  ptoj.ei  process  control  pmccditres. 

le)  Assure  pmper  device  hermetic  seal  integrity  through  the  propet  choice  of  package  materials, 
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I.  INTRODUCTION 


The  use  of  nickel-chromium  alloys  for  precision  electrical  resistors  is  not  a  novel  application  of  these  materials. 
However,  it  has  only  been  within  the  past  several  years  that  these  compounds  have  been  combined  with  silicon 
monolithic  integrated  circuit  (IC)  technology.  By  replacing  the  normal  diffused  resistor  structures  of  these  devices 
with  a  thin  film  of  Ni-Cr,  the  new  class  of  devices  exhibited  improved  temperature  stability,  lower  parasitic  capaci¬ 
tance,  and  a  better  resistance  to  radiation. 

A  recent  survey1 1 '  of  the  use  of  sucli  thin  film  structures  in  microelectronics  discusses  the  various  advantages  of 
such  a  scheme  in  greater  detail.  It  also  describes  the  new  technology’s  most  serious  drawback:  the  difficulty  in 
achieving  compatibility  among  the  thin  film  materials,  die  types  of  processing;  and  other  materials  employed  in 
making  a  finished  integrated  circuit. 

At  RADC  a  program  of  device  testing  and  analysis  was  undertaken  to  establish  the  effects  of  the  structural  and 
chemical  factors  present  in  these  circuits  on  tire  behavior  of  the  thin  film  nickel-chromium  resistors. 

At  the  outset  of  the  study,  consideration  was  given  to  many  different  types  of  stresses  which  might  affect  thin 
film  resistor  performance,  This  work  and  that  of  Philofskyi21  et  a),  established  that  tire  various  metallurgical 
reactions  which  take  place  between  the  nickel-chromium  material  and  the  aluminum  metallization  stripes  used  to 
interconnect  various  parts  of  the  active  device  were  not  a  determining  factor  in  the  behavior  of  the  thin  film 
resistors.  Instead,  the  electrochemical  attack  of  these  films  under  low  temperature  conditions  was  the  principal 
cause  of  failure  of  the  devices  that  were  being  studied. 

The  purpose  of  this  report  is  to  present  the  results  of  the  electron  beam  microanalysis(KBM)  studies  which  have 
led  to  the  development  of  a  model  for  the  observed  electrochemical  reaction.  The  intent  was  to  correlate,  principally 
through  use  of  an  electron  microprobe,  the  various  chemical  characteristics  of  the  integrated  circuit  with  the 
behavior  of  thin  film  nickel-chromium  resistors.  Other  pertinont  features  of  the  devices  were  studied  with  several 
additional  techniques  including  scanning  electron  microscopy  and  mass  spectrometry,  as  will  be  shown  in  subsequent 
sections  of  this  report. 

Once  the  various  observations  were  explained  by  a  single  comprehensive  model,  the  final  result  was  the  develop¬ 
ment  of  recommendations  for  minimizing  the  susceptibility  of  integrated  circuits  to  this  mode  of  failure. 


II  MATERIALS  AND  METHODS 


\  NICKF I -CHROMIUM  I  l-S  1  I  II  MS 

llccjusc  <>l  flic  basic  interest  in  studying  the  behavior  ->l  thin  film  tiickel-chtoniiuiu  resistotson  actual  mono 
hiliic  integrated  circuit  structures,  the  test  devices  used  lor  this  study  were  commercially  manufactured  digital 
circuits.  I  igure  I  depicts  the  important  physical  features  ol  the  thin  film  re.istor  structures. 


Figure  1 .  Ni-Cr  Thin  Film  Test  Structure 

1  lie  Ni-Cr  films  were  deposited,  using  filament  evaporation  techniques,  to  a  thickness  of  approximately  I  >0 
Angstroms  on  a  thermally  oxkli/cd  silicon  substrate.  Interconnection  of  the  resistor  elements  with  the  vatious  dil- 
luscd  areas  of  the  1C  was  accomplished  by  the  evaporation  and  delineation  of  an  aluminum  metallization  layer  >>! 
*>000  Angstroms  thickness.  A  1  micrometer  thick  protective  “glassivation”  layer  was  then  vacuum  deposited  over 
both  films.  This  glass  layer,  comprised  of  undoped  SiOs,  was  supposed  to  serve  two  functions:  ( I )  to  prevent 
mechanical  damage  to  the  thin  film  resistors  during  subsequent  device  processing,  and  121  lo  inhibit  chemical  attack 
of  these  elements. 

The  reader's  attention  is  directed  to  the  regions  neat  the  edge  of  the  aluminum  stripe,  as  indicated  by  the 
arrows.  As  will  he  shown  in  a  later  section  of  this  report,  cracks  in  ihc  glass  layer  at  these  points  contribute 
significantly  to  the  failure  of  the  nickel-chromium  resistors.  Figure  2  is  a  photograph  of  a  completed  test  circuit 
before  final  hermetic  sealing  of  the  package.  The  arrows  indicate  the  location  of  the  Ni-Cr  resistors. 


Figure  2.  Completed  Test  Circuit 


As  will  be  shown  later  the  type  ol  package  Used  lor  these  devices  plays  an  important  part  m  the  elect locliemicjl 
attack  ,il  the  Ni-t'r  trims.  Figure  a  is  a  cross-sectional  diagram  of  the  all-ccramic  package  used  lor  the  test  devices. 

I  lie  aluminum  bonding  pad  areas  are  exposed  by  chemically  etching  the  deposited  SiOs  layer.  Hie  devices  are  then 
placed  m  the  bottom  part  of  the  package.  Flectrical  connection  of  the  integrated  circuit  to  the  outside  world  is 
provided  by  ultrusooically  bonded  I  mil  aluminum  wires  extending  between  the  bonding  pads  and  the  package  lead 
frame. 

A  glass  bond  between  both  the  etal  and  the  eeiamic  materials  secures  the  meta1  lead  frame.  After  the  aluminum 
wires  are  bonded,  the  lid  of  the  package  is  sealed  at  high  temperatures  with  a  devitrifyitig  solder  glass-ceramic 
material.  I  he  intent  of  these  processes  is  to  provide  a  hermetically  sealed  environment  for  the  integrated  circuit. 

U.  I  I  SI  I’RtK  Fin  RL.S 


All  ot  the  device  test  conditions  were  chosen  to  accelerate  or  enhance  the  electrochemical  attack  ol  the  thill 
Ni-l  r  films.  Standard  electrical  biasing  circuitry  assured  the  correct  determination  of  the  voltage  and  current 
conditions  at  each  critical  point  on  the  test  devices. 
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Figure  3.  Cerimk  Package  Cross  Section 


tn  addition  to  staiidaid  ctivnopmenud  test  chamber,  a  “Thenmwpot  Ccdd  Probe”  was  used  to  ihetmallv 
cycle  a  feta**!  test  device  lot  a  npid  detenmttatton  of  the  condition*  causing  thin  film  attack.  Hie  salient  features 
oi' the  "Ihennosput”  and  other  test*  wtU  he  described  in  greatet  detail  in  Section  III. 

C.  ANAIVTICAI.  TtTUNH)!  luS 

I.  Tlie  tilccuoi!  Beam  Miettianalvattt 

ft;?  otincipai  approach  to  the  study  of  the  electrochemical  attack  of  thin  Alin  Nt-Ct  re*ro<  nyhas  been  . 
through  tiw* use of an  electron beam wtemattalyctff  ffcftM \.  this  mstroroeiit. desetilvd  tn CaMafctg*  the**** - 
combines  the  essential  cHatactctistfcs  of  both  vtay  emission  spectroscopy  and  election  microscopy,  A  detailed 
description  of  many  aspects  of  this  technique  Is  beyond  the  scope  of  this  report.  lidwmr,  iroemted  reader*  ate 
referred  wait  cvreitcnt  treatise  Why  U  S.  Birk*.  The  roost  mtpottam  feature*  of  an  feft-Vt  at*  depicted  schema  t  wady 
ta  Ftpore  4.  . 

A  bcatti  of  high  etteroy  electrons  is  focused  on  tire  sutfaev  of  the  sample  by  l»n  magnetic  femes  to  a  spot 
ftwettt  of  less  titan  one  square  micron,  The  primary  electron  beam is  of  mffteient  enemy  tn  generate.  u>  addttMn 
to  hrehnvsttrehlnng  radiation  the  eharacteiotk  vtay  speetta  of  the  present  in  tire  sample.  A  e'-vipt^ieut 

of  several  etttved  ciysul  spectrometer*  is  used  us  analyse  dispersive!;.  the  canons  wavelength*.  tin  e  emtai 
spes*tio«teiei»  aie  designed  with  a  constant  “take-in”  angle  $,  in  order  ns  facilitate  the  jitalvrkal  treatment  >*r  the 
vtay  intensity  data  A  e  matron  of  the  carved  and  ground  crystal  iltroath  the  angular  retfie  <>(  P  then  s*n  ,*y  ir 
Bragg  diffraction  condition. 
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Figure  4.  Flee  (run  Beasts  Ntkroanaly/er  Block  Diagram 

In  aiWitUm  u>  the  priunpul  fuuytuM  t»l*  x-ta\  *5recttocl»emie;tl  atialvsis.  most  I  BM's  are  also  designed  for 
detection  and  display  of Ihv  fidlowing  election  signals: 

U!  I'irmutv  >'i  lugli  cnetttv  baslvatteu'd  elections. 

tbl  Absini' *»i  inunaiy  okvtnm  referred  to  as  sfKVtmcn  current. 

U  l  Sesondary  ih  low  energy  election*  entitled  from  the  tegnut  honrharded  l>y  lire  primary  Ihmiu. 

I  Ire  vatsous  (Hjijnu*  onlre  I  ll-M  aie  (It^rlaveU  m  die  toilorrrittg  wa\  s 

{.»i  t%r;4  Output  Ike  s-tai  c*  huh  rate  o  recorded  using  reak't  ernintiiig  ciumtttv, 

ihl  Atuhtg  *twput  Inlti"  ’ire  v»av  regnal*  ifler  surtahfcelocitoftrc  integration.  ot  tire  various 

dsVffuu  regnal*  are  dtsflryedoii  -uttp  teentdetre 

ter  V  jotting.)  Haplsy*  tty  '''■Kktuwi'nsly  canning  **oth  the  ptHttats  election  tvarre.  4mf  r  display 

srsedlowope  iti  4 raster  r»«!<c<rr.  fre  U»«ie»e«r  fil’d  output*  are  ured.it*  Brent  vray  *re electron  scanning  iure*»^raj>hs 

fire  first  two  ts  pe>  of  isrihun  an-  ninttrailv  avri  lot  «|ft4Utit,*!r*e  artak.  re*  tn  wWh  rirVhcjK;  value*  are 
nvotded  t»»t  ekiu-.v Uresis*  « ore'-ugf  l> * el  a  gi.-gti  4e'ftCht  Hirers  hoth  /standard  and  sKviinMiowi*  lire  thud 
display  mode.  atisie  pt>  hiding  t»c,v  ip»aktaH*e  jnionnatnur.  »*.  tire  iw  most  wulety  sued  m  the  airaH  res  »*l  electrome 
devree*. 

,!  *»?•  'witjtu'  •*»  •»•;>  vtay  ireyH •«!»*"»  l(* r-dplHt’  tire  doplay  '*retfdlo*ee»f*e,.5hs  K«dlj|it  tinssostiapl'. 

^  ■  Ik;  "'tusji  *  ol  i)reirl«ii«iA  ■*(  ’green ..  neat  sire  rettiaee  el  lire  scan  tied  area  of  *h>-  rewtplr 

'lift  •'■he  p?\f>. M  ilre  wastn-a.,  :  vs  ii*.*!'.  gftstree'apir*  ate  wd  Sis sstulil ■  >Uv  sto»*U<ral  ehai'vU'tnsie*  »>(  *h<  «<*♦«*•*•  ■ 
f-re  -"'.i  *t  wre,‘il  '-ss’tj.s!  -'/*»  this  ;*»»;.  ■*»*  <*  *V  c»  'wtljn  .  Ure  st'.'re  lerjxaree  reeve  the  i.wplu'M*  of  th.*» tc,  imtipu  n 
4««>rt*a*.dde  t-s  rh»' <«.M»reJe;  «•*  ire  •*$.»»  »:<«•<.  K-»iv.  v>**J.-s «...  t  ally's  red1  .•  fire  fawge  el  (hr  «t>rey  irt  u  •  Uniisf  j>  ate 
•he  heekre/"'”?^  and  •f*re-;tv' :  .v  i.itot-.  •,  ijHv-.'isrt. 


The  magnification  of  the  scanning  micrographs  is  determined  by  taking  the  ratio  of  the  length  of  the  line 
on  a  display  scope  to  the  length  of  the  tine  on  the  surface  of  the  sample.  The  standard  range  of  magnification  ol  such 
EBM  scanning  displays  is  between  10X  and  10,001)  X. 

Electron  beam  microanalysis  is  ideally  suited  to  the  chemical  characterization  of  the  thin  nickel-chromium 
films  under  study  because  of  the  excellent  absolute  detectability  limits  it  provides  for  an  element  with  an  atomic 
number  greater  than  five.  The  reason  for  these  low  limits  is  that  the  EBM  will  detect  x-rays  generated  from  within 
an  excited  volume  of  less  than  10  cubic  microns.  The  exact  size  of  this  volume  depends  on  the  energy  of  the  primary 
beam  and  the  material  being  examined.  Typically,  only  10  *9  or  I  O' 10  grams  of  material  are  being  sampled  under 
these  conditions.  The  assumption  that  a  particular  element  can  be  detected  in  a  relative  concentration  of  100  ppm 
in  this  volume  leads  to  a  figure  of  10'1-*  or  10' 14  grams  for  the  absolute  detectability  limit. 

The  true  concentration  of  a  given  element  is  obtained  by  recording  the  intensity  of  the  characteristic 
x-rays  from  both  the  unknown  and  a  standard.  By  multiplying  the  observed  intensity  ratio  by  suitable  correction 
factors  (which  account  for  the  interaction  of  both  the  primary  electrons  and  generated  x-rays  with  the  sample) 
elemental  composition  in  terms  of  weight  percent  can  be  determined  with  an  accuracy  of  1 10<.  lire  nature  of  the 
various  correction  factors  is  discussed  in  considerable  detail  in  two  recent  books.'4 

The  EBM  used  on  this  study  is  a  commercially  available  instrument  manufactured  by  Applied  Research 
Laboratories,  Inc.  It  has  three  Johansson  curved  crystal  spectrometers.  Each  spectrometer  has  a  32.5  degree  take¬ 
off  angle.  This  high  value  of  C  not  only  results  in  minimum  spectrometer  shadowing  effects  due  to  surface  irregulari¬ 
ties  of  tire  sample,  but  it  also  minimizes  the  absorption  of  the  detected  x-rays  by  having  the  spectrometer  ’’look” 
at  x-rays  which  have  passed  through  a  thinner  layer  of  the  sample,  i  e..  the  x-ray  path  length.  The  amount  of 
absorption  is  therefore  proportional  to  cosecant  d.  This  design  feature  of  the  I  BM  is  especially  important  in  the 
detection  of  long  wavelength  K-series  x-rays  emitted  by  the  low  atomic  number  elements. 

Two  of  ttie  spectrometers  use  sealed  proportional  counters  in  conjunction  with  either  a  lithium  fluoride 
(UK)  or  ammonium  dihydrogen  phosphate  IADPI  crystal.  These  two  crystals  ate  used  lor  the  analysis  of  elements 
greater  In  atomic  number  than  1 2.  The  third  spectrometer,  equipped  with  an  ultra-thin  window  flow  proportional 
counter  and  either  a  lead  stearate  dccanoate  (PbSD)  or  rubidium  add  phthalate  (RAP)  crystal,  is  used  for  light 
element  analysis,  i.e..  5<*<i.V 

TTw  important  parameter*  esuMWted  at  the  outser  of  dm  EBM  analyse*  uwluded: 

(a)  A  Determination  of  Electron  Range:  A  high  energy  beam  of  electrons  will  generate  x-rays  from  a 
volume  of  material  determined  by  die  electron  energy.  The  particular  values  of  electron  range  vs,  accelerating 
potential  were  estimated  for  the  materials  present  in  our  test  structures.  The  estimate  was  reached  by  using  a 
method  proposed  by  Arcitatd  and  Muleeyl^  and  electron  range  coeffkieuts  tabulated  by  Nelms'7*.  The  catcoia'ed 
values,  shown  in  Table  l,  enabled  the  proper  choke  of  accelerating  potential  essential  in  studying  d«  layered 
structures  found  on  dte  test  devices. 


TABLE  l 


ELECTRON  RANGE  CALCULATION  AS  A 
FUNCTION  OF  ACCELERATING  POTENTIAL 


RANGE  (pm) 


Material 

10  KV 

15  KV 

Aluminum 

1.32 

2.6.2 

Silicon 

1.42 

2.8<> 

Chromium 

0.60 

1.18 

Nickel 

0.49 

0.95 

Silicon 

Dioxide 

1.34 

2.75 

20  KV 

25  KV 

30  KV 

4.35 

6.38 

8.81 

4.75 

7.00 

9.60 

1.92 

2.83 

3.85 

1.56 

2.24 

3.12 

4.52 

6.66 

9.24 

(b)  Choice  of  Characteristic  X-Ray  Lines:  After  initial  qualitative  determination  of  the  important 
elements  involved  in  the  electrochemical  attack  of  Ni-Cr  films,  the  various  characteristic  lines  shown  in  Table  II 
were  chosen  for  the  subsequent  analyses.  This  work  was  done  to  establish  the  required  critical  energy  for  the 
emission  of  the  various  x-rays  and  to  enable  the  selection  of  the  proper  crystal  for  each  wavelength,  also  shown 
in  this  table. 


TABLE  II 

X-RAY  LINES  AND  ANALYZING  CRYSTALS 


*Ka),2  l^CRIT  Ka  1  n 

EMITTER  (ANGSTROMS)  _ (KEY)  " 


CRYSTAL 


Oxygen 

23.707 

Sodium 

11.909 

Aluminum 

8.337 

Silicon 

7.126 

Chromium 

2.291 

Nickel 

1.659 

0.532 

Rubidium  Acid  Phthalate 

1.080 

Rubidium  Acid  Phthalate 

1.559 

Ammonium  Dihydrogen 
Phosphate 

1.838 

Ammonium  Dihydrogen 
Phosphate 

5.998 

Lithium  Fluoride 

8.337 

Lithium  Fluoride 

(c)  Determination  of  Mass  Absorption  Coefficients:  In  order  to  assess  the  magnitude  of  the  interaction 
of  the  emitted  x-rays  with  the  materials  comprising  the  sample,  the  mass  absorption  coefficients®  were  listed  for 
'the  x-ray  lines  chosen  for  analysis.  These  data  are  shown  in  Table  111. 


tabu:  in 


MASS  ABSORPTION  OOEI-'t -ICil  N1S 


EMITTkR.  ABSORBbR 


i  1.2 

0 

Na 

A1 

Si 

Cr 

Ni 

O 

* 

* 

* 

4 

* 

* 

Na 

4100 

0 

1021 

1332 

7(M3 

12X0o 

A1 

!  503 

3350 

3Xo 

503 

3000 

4838 

Si 

966 

2168 

3403 

328 

1055 

3152 

t'r 

30 

01 

140 

183 

88 

!42 

Ni 

16 

37 

61 

75 

310 

50 

Values  for  fi/p  in  cm2/gm 
♦No  data  available 


With  the  completion  of  these  preliminary  steps,  the  liBM  was  used  for  the  specific  analyses  described  in 
Section  111. 

2.  Scanning  Election  Microscopy 

An  adjunct  technique  to  electron  beam  microanalysis  is  scanning  electron  microscopy.  As  explained 
previously,  most  LiBM  systems  can  detect  and  display  the  secondary  electron  response  from  a  sample  under 
bombardment  with  a  beam  of  high  energy  primary  electrons.  The  resultant  scanning  electron  micrographs  yield 
structural  information  about  the  surface  of  the  device. 

Since  an  liBM  was  designed  primarily  for  chemical  analysis,  the  electron  optics  were  chosen  to  provide 
beam  currents  sufficiently  high  enough  to  generate  a  statistically  significant  number  of  characteristic  x-rays.  At  the 
same  time,  beam  diameters  on  the  order  of  a  few  thousand  angstroms  were  considered  optimally  small. 

A  scanning  electron  microscope  (SliM),  on  the  other  hand,  was  designed  along  similar  lines,  bul  the  major 
emphasis  was  placed  on  beam  diameters  of  approximately  a  few  hundred  angstroms.  The  resultant  decrease  in  the 
beam  current  was  of  no  consequence  since  these  instruments  were  intended  to  provide  oivly  high  resolution  structural 
information. 

The  SliM  used  on  this  study  was  manufactured  by  the  K2  Corporation.  The  1 50  angstrom  beam  diameter 
of  this  instrument  provided  the  necessary  spatial  resolution  of  the  scanning  electron  micrographs  for  the  study  of 
defects  in  the  deposited  glass  films  on  the  test  devices.  This  structural  information,  when  combined  with  the  x-ray 
spectrochemical  data  obtained  with  the  EBM,  was  used  to  develop  a  more  comprehensive  understanding  of  the 
factors  responsible  for  the  observed  electrochemical  reaction. 

3.  Mass  Spectrometry  Methods 

Although  the  two  electron  beam  techniques  were  the  principal  analytical  methods  used  for  this  investigation, 
mass  spectrometry  was  also  performed  on  the  ambient  gas  within  the  hermetically  sealed  devices.  The  two  major 
aspects  of  this  study  were: 

(a)  Package  Hermeticity  Evaluation*  Using  a  Vecco  Helium  Spectrometer  Leak  Detector,  the  leak  rates 
of  the  hermetic  packages  were  measured  after  exposure  to  helium  gas  under  high  pressure.  This  technique  was  used 
♦Hermeticity  is  a  term  denoting  the  ability  of  a  package  to  prevent  exchange  of  its  internal  gas  with  the  external 
atmosphere,  A  figure  of  merit  associated  with  this  property  is  the  gaseous  leak  rate  of  the  package  measured  in 
atm-ce/sec. 
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to  determine  whether  the  moisture  present  inside  the  package  resulted  either  from  a  loss  of  hermetictiy  or  from 
its  introduction  during  device  processing. 

(b)  Residual  Gas  Analysis:  An  independent  study  was  performed  with  a  quadrupoie  mass  spectrometer 
system  specialty  modified  to  analyze  the  constituents  of  the  package  ambient.  This  technique  detennined  the 
amount  of  water  vapor  in  the  package.  These  results  are  included  to  help  explain  the  results  obtained  with  the 
electron  beam  methods. 


(2)  Isolated  reaction,  indicated  by  the  removal  of  the  resistor-material  in  a  circular  region  (B)  located 
principally  at  the  edges  of  the  resistor  element.  The  severity  of  this  reaction  varied  from  device  to  device,  but  the 
general  characteristics  were  always  identical. 


B.  EBM  CHEMICAL  CHARACTERIZATION 

Before  performing  any  detailed  analysis  of  the  corroded  Ni-Cr  resistors,  a  complete  characterization  of  the 
chemical  constituents  of  both  the  package  and  of  the  active  chip  was  made. 

By  scanning  the  full  complement  of  crystal  spectrometers  of  the  EBM  over  the  entire  x-ray  spectral  range, 
the  major  constituents  of  the  various  package  parts  were  qualitatively  analyzed.  A  list  of  the  detected  elements  is 
given  in  Table  IV.  In  general,  these  results  were  typical  of  one  class  of  the  all-ceramic  packages  used  by  the  micro¬ 
electronics  industry.  The  interesting  part  of  this  analysis  was  the  detection  of  significantly  high  concentrations  of 
sodium  in  both  the  lead  frame  and  lid  seal  glasses.  The  presence  of  this  alkali  metal  atom  will  be  shown  to  have  a 
significant  effect  on  the  failure  of  the  Ni-Cr  films. 

TABLE  IV 

CERAMIC  PACKAGE  CHEMICAL  CONSTITUENTS 


PACKAGE  PART 


ELEMENTS  PRESENT 


Ceramic  Body 


Aluminum 

Magnesium 

Oxygen 


Lid  Seal  Glass 


Lead 

Zinc 

Sodium 

Silicon 

Oxygen 


Lead  Frame  Glass  Sodium 

Magnesium 

Aluminum 

Silicon 

Oxygen 

In  addition  to  the  information  about  the  package  chemistry,  EBM  analyses  of  the  surface  of  the  integrated 
circuit  indicated  that  the  deposited  glass  layer  was  pure  SIO2,  i.e.,  not  doped  with  phosphorous  or  boron  as  is  done 
in  soino  instances,  and  that  the  thin  film  resistors  contained  more  chromium  than  nickel.  Based  on  the  ratio  of  the 
x-ray  intensities  for  these  elements,  the  film  composition  is  approximately  60  Cr:  40  Ni.  This  result  alone  is 
interesting  since  normally  Ni-rich  evaporation  sources  are  used.  The  reasons  for  the  change  in  film  stoichiometry 
have  been  previously  explained  in  terms  of  the  increased  vapor  pressure  and  greater  sticking  coefficient  of  Cr  when 
simultaneously  evaporated  with  Ni  from  a  single  filament  source!9). 

In  addition  to  finding  a  similar  60  Cr:  40  Ni  film  composition,  Bicknell,  et  al,  also  determined,  using 
electron  diffraction,  the  prcsonce  of  two  phases  in  the  condensed  films.  Approximately  60%  of  the  Cr  in  the  film 
was  in  a  separate  phase  which  had  a  structure  similar  to  S-Fe(OOH)  and  contained  appreciable  amounts  of  oxygen. 
All  of  the  Ni  was  found  in  another  phase  having  a  composition  of  70  Ni:  30  Cr.  This  phase  was  distributed  in  the 
form  of  small  islands  throughout  the  larger  Cr  phase.  The  only  effect  of  temperature  on  these  films  was  to  increase 
the  grain  size  of  the  Ni-rich  phase  without  appreciably  altering  the  Cr-rich  matrix. 
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Since  the  test  hints  on  this  program  are  assumed  to  have  a  similar  structure,  these  findings  will  he  used  lit 
explain  their  behavior  when  subjected  to  electtocheniica!  attach. 

C.  SI  M  STKUC  il'KAI.  CIIAKAt  !  I  RI/A 1  ION 

After  optical  examination  of  failed  Ni-Cr  resistot  films,  it  was  apparent  that  the  ghissivation  layet  deposited 
over  both  the  aluminum  and  thin  film  resistors  was  not  like  the  ideal  layer  shown  in  1  igine  1 .  front  the  location  of 
the  various  teamed  regions,  one  could  surmise  that  in  the  SiOi  ovetlay  there  were  huge  defects  which  provided  a 
path  for  moisture  and  other  contaminants  to  the  Ni-Cr  material. 

To  gain  a  more  complete  understanding  o!  the  nature  of  the  glass  layer  defects,  several  samples  of  both 
stressed  and  unstressed  devices  were  examined  with  the  scanning  electron  microscope.  Initially,  .ill  devices  were 
coated  with  a  few  hundred  angstroms  of  evaporated  gold  to  enhance  the  contrast  of  the  scanning  election  iniciographs, 

figure  o  shows,  in  t lie  deposited  glass  layer,  one  type  of  defect  (  A)  which  extends  along  the  edge  of  an 
aluminum  metallization  stripe.  The  line  (B)  running  perpendicular  to  this  defect  is  due  to  the  edge  of  the  Ni-Cr 
resistor.  Because  the  geometry  of  the  top  and  bottom  edges  of  the  SiOj  layer  match,  the  inference  is  that  the 
aluminum  stripe  edge  was  covered  with  a  continuous  layer  of  glass  during  its  deposition  At  a  later  time  a  crack 
developed  due  to  either  large  intrinsic  tensile  stresses  in  the  glass  or  differential  expansion  between  the  aluminum 
metallization  and  StOy  during  subsequent  high  temperatiite  pioccssing.  Although  there  are  several  possible  maim- 
laciuriitt!  procedures  dm  ing  which  this  could  happen,  the  most  likely  one  is  the  t id  sealing  operation,  requiring 
leniperatines  in  excess  of  450'  ('  lot  several  minutes.  A  teeent  study1*01  of  the  theunal  effects  on  deposited  glass 
films  encountered  during  integiated  ciictnt  processing  discusses  these  pioblenis  in  considerable  detail. 


figure  6.  SLM  Micrograph  of  Crack  in  Deposited  Class  Lay  er  (h.bOO  X) 


1  lie  small  pinhole-p,  pe  m'li-its  ( bigtiro  \  a  tea  li >  along  the  oiljios  of  Nj.(‘i  u-sistors  ate  mote  dillkult  to 
explain.  rites  mas  arise  front  an  anomalous  muleatiots  ami  growth  .  f  the  deposited  glass  ,tl  these  points,  A  study1  *  • 
•  >i  a  atniiat  phenomenon  svas  perfouoed  on  the  gross  th  ni 'vacuum  deposited  aluminum  films  at  steps  in  fttcniiiiiljr 
grown  SiO  *  on  silicon 

I  nulls .  all  ilevhes  examiner)  sviilt  the  sI  M  hail  chicked  glass  laseis  such  as  shown  in  i'igutes  »<  and 
I  he  i  r.n  k>  sv.ete  lotnnl  in  both  '(lessed  and  nnsttessed  eiicuits. 

P  I  BM  . sit  Dll. S«H-  Dll  API  t  Dlil  VU  IS 

I  he  in •  i  tot  it.-.  '  'i>  esial'lish  the  Bums  aspi%.t*  <*l  the  attack  n(  the  Si-l't  hints  was  to  observe  the  hehavtot 
1  '  a  dc’  ie.  with  t  thop  of  water  pi.*,  ed  on  ns  s,trla..c.  Although  the  rest  svas  not  very  eontroll able,  it  did  establish 
the  iieee  .Mt  .'  of  applied  putemi.a  in  e.iiiMui!  thin  * tlf.  rest  tor  •  uhtte.  CiMiit.s.  without  any  potential  applied  to  the 
lesKhus.  .ijn-j  ttvd  nioivK  even  .litre  -I ! <. ■  >i 1 1 s  o;  ii.imei.-aon  in  watot 


In  the  first  devices  analyzed  with  the  F.BM,  resistor  failures  were  generated  by  the  Thcnnospot  Cold  Probe. 
In  this  test,  deeapped  devices  were  subjected  to  temperature  cycling  between  room  temperature  and  -30°C  with 
voltage  applied.  The  low  temperature  portion  of  the  cycle  was  used  to  condense  moisture  from  the  lab  ambient 
atmosphere  which  then  accelerated  the  resistor  attack  at  the  higher  temperatures. 

Figure  8  shows  a  typical  thin  film  Ni-Cr  resistor  (R)  which  failed  after  undergoing  tire  thermospot  test. 


Figure  8.  Fatted  Cold  Probe  Test  Filin 


The  polarity  at  each  end  of  the  resistor  stripe  is  indicated.  In  order  to  determine  qualitatively  the  distribution 
of  the  various  constituents  in  those  areas,  scanning  x-ray  micrographs  were  taken  for  aluminum,  silicon,  nickel,  und 
chromium  The  results  of  the  analysis  of  the  rectangular  area  at  (lie  positive  end  of  the  resistor  are  presented  in 
Figures  9a  through  9d. 

The  most  important  features  of  these  micrographs  are: 

(a)  The  slight  reduction  of  both  Cr  and  Ni  in  the  resistor  area, 

(b)  The  build-up  of  Ni  and,  to  a  lesser  degree,  Cr  around  the  edge  of  the  aluminum  stripe. 

The  results  of  similar  analyses  of  the  negative  end  of  this  resistor  are  shown  in  Figure  10.  Although  there 
Is  a  depletion  of  Ni  and  Cr  In  the  resistor  stripe,  there  U  no  build-up  of  these  elements  nearthc  edge  of  the 
aluminum  conductor. 
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Investigation  of  other  resistor  stripes  on  this  device  confirmed  the  tendency  for  high  Or  and  Ni  x-ray 
intensities  only  at  the  edge  of  positively  biased  aluminum  conductors.  This  same  reaction  was  observed  on  all 
devices  which  underwent  this  particular  test. 

It  was  apparent  from  the  x-ray  micrographs  of  failed  films  that  the  reaction  involved  the  formation  and 
transport  of  a  negative  complex  ion  of  Cr  and  Ni  since  there  was  no  indication  of  cation  transport  to  negative 
contacts.  The  next  conclusion  was  that  the  material  deposited  at  the  anode  should  be  salt-like  or  insulating 
compounds  of  Ni  and  Cr  rather  than  the  free  metals.  This  fact  was  verified  by  the  observation  of  visible  light 
emitted  front  the  larger  precipitates  when  struck  with  the  primary  electron  beam.  This  phenomenon,  called 
cathodoluminesccnce,  occurs  only  in  materials  which  have  a  sufficiently  large  band  gap  such  that  direct  interbanu 
transitions,  excited  by  the  high  energy  electrons,  result  in  the  emission  of  an  optical  photon. 

Because  of  the  rather  large  quantities  of  reactant  products  available  on  these  failed  films,  it  was  easy  to 
perform  FBM  qualitative  analyses  for  the  anions  present  in  the  Ni  and  Cr  compounds.  A  complete  spectral  scan  was 
performed  on  various  failed  devices.  The  only  element  detected,  in  addition  to  Ni  and  (T,  was  oxygen.  Since  it  was 
difficult  to  distinguish  the  exact  stoichiometry  of  the  compounds,  they  were  assumed  to  be  either  hydrated  oxides  or 
hydroxides  of  ciuomium  and  nickel  formed  from  the  transport  of  negative  hydroxyl  complexes  of  these  elements  to 
the  anode  of  an  electrolytic  cell.  Further  evidence  in  support  of  this  assumption  wili  be  presented  in  Section  IV. 

K.  FBM  STUDIES  OF  HERMl.TIC  DEVICES 

Once  the  general  characteristics  of  Ni-Cr  films  attacked  in  the  known  presence  of  watet  were  established, 
the  next  set  of  experiments  was  performed  to  explain  their  behavior  in  hermetically  encapsulated  devices,  1'tior  to 
conducting  u  variety  of  low  temperature  tests  designed  to  enhance  moisture  condensation  and  accelerated  thin 
film  corrosion,  the  hertneUciiy  of  all  test  devices  was  evaluated  using  a  Veeco  MS>9  leak  detector.  The  various 
packages  exhibited  leak  rates  in  the  range  of  2  to  4  x  iO#  atm-cc/sec.(l*>.  These  rates  are  below  the  wbtl*arily 
determined  limit  of  l  x  10 7  atm-ce/scc  defined  for  a  well  sealed  hermetic  ceramic  package.  The  hcrmeitcity  test 
was  designed  to  eliminate  any  device  with  a  large  package  defect  which  would  allow  water  penetration  other  titan 
by  diffusion  through  the  bulk  glass  or  ceramic  materials.  Although  tires?  initial  leak  rates  were  acceptable,  there 
was.  as  will  be  drown  later,  some  indication  that  moisture  was  being  driven  into  the  package  during  some  of  the 
various  stress  tests. 

Tests  wete  conducted  on  approximately  I  Ou  of  the  hermetic  circuits  arid  nearly  lOK  failed  due  to  the 
etectrochemkal  attack  of  the  Ni-Cr  resistors.  A  photograph  of  one  such  faded  resistor  is  drown  itr  Figure  1 1 .  While 
the  vokllng(V>  hr  Use  resistor  (K)  near  fire  edge  of  the  aluminum  contact  was  sin'llar  to  the  results  of  tire  crrld 
probe  test,  generally  the  attack  was  less  severe,  this  might  he  expected  when  only  small  amounts  of  water  are 
available. 

The  HUM  chemical  analysis  of  the  positive  resistor  contact,  indicated  by  (he  rectangular  area  of  Figure  It. 
resulted  in  the  scanning  x-ray  micrographs  drown  hr  Figure  1 2.  These  photos  are  almost  identical  to  the  remits  of 
Figure  9,  showing  a  depletion  or  both  nickel  and  chromium  in  the  twfctot  stripe  and  the  bui'd-up  of  the  x-ray 
intensities  of  these  elements  near  the  edge  of  the  aluminum.  X-ray  scans  of  the  negative  contact  area  of  this  resistor 
dtowed  removal  of  the  resists*  materials  bur  no  edge  build-up. 

After  chemically  characterizing  over  TO  such  faded  region*  on  hermetic  devices  and  comparing  the  results 
with  initial  observations  on  circuits  which  underwent  attack  on  the  water  drop  and  thermospot  tests,  it  was  evident 
that  a  single  mechanism  was  involved  in  dl  cases.  the  electrochemical  attack  uf  the  Ni  Cr  flints  in  the  presence 
of  a  condensed  tonic  medium. 


Figure  1 1.  Failed  Hermetically  Encapsulated  Test  Filin 


I  .  RESIDUAL  GAS  ANALYSIS  OF  AMBIENT  GAS  IN  IIHRMLTIC  PACKAGl.S 

Altliougli  results  of  the  low  temperature  testing  program  indicated  that  water  vapor  present  inside  the 
package  cavity  of  hermetic  devices  was  the  most  likely  cause  of  the  Ni-Cr  film  failures,  a  more  quantitative 
evaluation  of  this  possibility  was  necessary.  The  difficult  task  of  analyzing  the  internal  package  gas  was  accomplished 
with  a  quadrupolc  mass  spectrometer  system  designed  with  a  special  package  puncturing  fixture.  A  hermetic  device 
package  was  first  pumped  down  to  the  ultimate  pressure  attainable  with  the  bakeable.  ion  pumped  system.  After 
the  background  peaks  for  the  mass  peaks  of  interest  were  taken,  the  ceramic  lid  was  fractured  and  the  mass  spectrum 
recorded  for  the  10'-  cm-1  volume  of  gas  within  the  package. 

Table  V  is  a  summary  of  the  residual  gas  analysis  for  water  vapor  within  devices  which  underwent  various 
stress  conditions,*11*  As  can  be  seen  from  these  data,  failed  circuits  had  over  twice  as  much  water  vapor  present 
than  m  the  nonfailed  stressed  units.  Also,  devices  which  were  analyzed  immediately  after  they  were  received  had 
the  lowest  concentration  of  moisture  in  the  package.  In  addition  to  definitely  establishing  the  presence  of  H2O 
inside  failed  hermetic  devices,  this  analysis  also  indicated  that  the  stress  tests  might  be  effective  in  causing  an  increase 
in  its  concentration.  A  detailed  evaluation  of  the  various  package  properties  which  could  cause  this  effect  is  much 
too  broad  for  discussion  at  this  time. 
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Figure  12.  Scanning  X-Ray  Micrograplis-Posilivc  (  ontact  of  Hermetic  Failure 
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Al  tlu.>  point  mi  the  investigation.  the  analytical  results  indicated  that  water  vapoi .  condensed  at  l»>w 
leinperaturo,  could  attack  the  biased  Ni-('r  resistors  vij  defects  in  the  deposited  glass  film.  1  lie  principal  clienn-  d 
lead  ion  involved  the  leaeiion  of  both  nickel  and  cliioiniiini  in  the  presence  of  excess  hydroxyl  ions 

There  were  several  difficulties  in  explaining  om  results 

;  I )  Although  all  tailed  devices  had  sufficient  water  vapoi  piesent  to  cause  corrosion,  there  wete 
significant  variations  in  the  testing  time  required  to  cause  'aihne.  I  hese  variations  didn't  correlate  with  lie  u.m  i.  o 
eonteni  inside  the  p  ickage,i.e..some  devices  which  had  a  icttain  peieeinage  of  wato  vapoi  lasted  much  than 

devices  which  had  mil;,  half  dial  pciccnlage. 

I  2)  It  was  originally  hypothesized  that  die  excess  hydroxyl  ton  concentration  needed  lot  the  Nt-t  :  at'ack 
resulted  only  from  the  electrolysis  of  condensed  water.  This  hypothesis  was  seriously  questioned  in  light  .>t  tihtts 
failing  when  the  applied  potential  was  much  less  than  the  hydrogen  overpotential  at  either  an  aluminum  n  nickel- 
chromium  contact.  Although  this  value  of  potential  was  never  experimentally  checked,  literature  reviews  indicated 
that  it  was  on  the  order  of  I  volt.  Ni-C'r  resistors  which  tailed  at  less  than  a  few  tenths  oi  a  volt  potential  iequiic.1 
a  mechanism  other  than  electrolysis.  A  possible  answer  was  the  toni/ation  of  water  by  a  chemical  impum  such  a- 
an  alkali  metal. 

The  original  chemical  characterization  of  the  device  package  indicated  signifieantly  large  conccntraiious 
of  sodium  in  both  the  lid  and  lead  frame  sealing  glasses.  Since  this  clement  forms  a  strong  base  in  aqueous  solution, 
an  l.BM  search  was  undertaken  to  establish  its  presence  on  the  surface  of  the  integrated  circuits. 

To  optimize  the  sensitivity  of  the  chemical  analysis,  an  accelerating  polcntial  based  on  the  electron  ranee 
calculations  shown  in  Table  I  was  chosen.  Voltages  between  1 5  and  25  kilovolts  assured  proper  penetration  ol  the 
elections  through  the  deposited  and  thermally  grown  oxide  layers  and  yet  resulted  in  the  smallest  volume  of  analyzed 
material  compatible  with  proper  x-ray  line  peak-to-baekground  values  for  the  Na  K-a  line. 

After  searching  various  points  on  the  device  surface,  there  were  indications  that  a  significantly  high  level 
of  Na  x-ray  intensity  was  observable  within  cracked  regions  in  the  deposited  glass.  Nevertheless,  the  signal  level 
was  too  low  to  permit  taking  scanning  x-ray  micrographs  for  this  clement. 

A  stationary  electron  beam  was  positioned  alternately  on  an  edge  region  near  the  cracked  glass  and  it 
another  point  away  from  these  areas.  Tin*  output  of  the  light  element  detector,  using  a  rubidium  acid  phtlia!  sic 
crystal,  was  integrated  on  a  raiemcter  and  lived  lo  drive  i  strip  chart  recorder,  figure  IT  is  one  such  recording 
taken  from  a  failed  device. 
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Figure  13.  Sodium  K-Alplia  X-Ray  Intensity  Variation  on  Failed  Ni-Cr  Film 


The  response  in  the  chart  regions  indicated  by  the  word  “ON"  is  the  sodium  x-ray  intensity  from  several 
different  edges  of  aluminum  stripes.  The  response  between  the  alternating  “ON”  regions  is  the  sodium  signal  from 
arbitrarily  chosen  points  on  flat  surfaces  of  the  glass  layer.  This  low  level  signal  is  essentially  the  background  reading 
for  the  sodium  K-alpha  line. 

The  variation  in  the  .vray  intensity  is  significantly  large  and  shows  a  definite  build-up  of  sodium  near  the 
exposed  edges  of  aluminum  metallization  stripes.  An  analysis  of  similar  regions  of  the  circuit  with  a  defocused 
'•ray  spectrometer  indicated  that  this  intensity  variation  did  not  arise  from  geometrical  effects  due  to  scattering 
of  the  electron  beam  or  other  such  artifacts, 

ihe  general  results  of  the  liBM  analysis  of  l‘>  devices,  both  good  and  failed,  arc  shown  in  Table  Vi.  The 
utbnrary  intensity  levels  were  established  based  on  the  observed  peak-to-baekground  ratio  of  the  sodium  line: 

HKill  ®  greater  than  ’-to- 1 ;  MUD  r  less  than  3-to-l ;  and  LOW  *  no  significant  variation  in  x-ray  intensity,  or  a 
peak-to-backgroum!  oi  1-to-l.  ('are  was  taken  to  keep  the  analysis  conditions  identical  in  order  to  make  valid  com¬ 
parisons  of  the  relative  intensity  variations  observed  not  only  on  a  single  circuit  but  from  one  device  to  another. 

A  closer  examination  of  the  production  date  codes  of  all  these  devices  indicated  that  the  tow  concentration 
ot  sodium  .occurred  lor  two  lots  of  circuits  and  that  ones  with  the  highest  sodium  count  rates  were  from  one 
particular  tot.  This  “lot  dependence  will  be  further  discussed  m  Section  IV, 


TABiE  VI 


SODIUM  CONCENTRATION  ANALYSIS 

DEVICE  NUMBER 

LOT  NUMBER 

CIRCUIT  CONDITION 

Na  CONCENTRATION 

V-l 

A 

N 

LOW 

V  -  2 

A 

N 

MED 

V  -  3 

A 

N 

HIGH 

Z-4 

A 

F 

HIGH 

Z-7  ' 

A 

F 

HIGH 

A  -  5 

A 

F 

MED 

A-  10 

A 

F 

HIGH 

A  -  6 

A 

SNF 

MED 

> 

ON 

A 

SNF 

HIGH 

Z  -  5 

A 

SNF 

MED 

G-  I 

A 

SNF 

LOW 

G  -  2 

A 

SNF 

LOW 

G-3 

A 

SNF 

LOW 

B.  1 

B 

N 

LOW 

B-  2 

B 

N 

LOW 

B  •  3 

B 

N 

LOW 

C-  1 

C 

N 

MED 

C  -  2 

C 

N 

LOW 

C » 3 

C 

N 

LOW 

CODE:  N  =  NEW 

F  ■  FAILURE 

SNF  =  STRESSED  NON-FAILURE 
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H-  CORRELATION  OF  SODIUM  CONTAMINATION  LEVEL  AND  THE  RATE  OF  NICKEL-CHROMIUM 

RESISTOR  ATTACK 

Once  the  EBM  was  found  to  be  effective  in  determining  variations  in  the  concentration  of  sodium  at  defect 
sites  in  the  deposited  glass  layer,  an  experiment  was  performed  to  try  to  explain  differences  in  the  time-to-fcrilure  of 
devices  stressed  under  identical  test  conditions. 

Two  failed  devices  which  had  been  analyzed  with  the  mass  spectrometer  system  to  determine  the  amount 
of  water  vapor  present  within  their  packages  were  chosen  for  this  part  of  the  study.  Device  number  A-5  had  a  3% 
water  vapor  content.  The  other  circuit.  A- 10,  had  about  1.4%.  These  relative  values  for  moisture  content  did  not 
correlate  with  the  fact  that  A- 10  survived  only  two  hours  of  testing  whereas  A-5  didn’t  fail  until  after  19  hours. 

The  sodium  x-ray  intensity  variations  at  defect  sites  on  the  two  failed  circuits  are  shown  in  Figure  14. 
Device  A- 10  exhibits  a  greater  sodium  concentration  than  device  A-5.  These  data  suggest  a  direct  relationship 
between  the  amount  of  sodium  near  the  Ni-Cr  film  and  the  rate  of  the  electrochemical  attack.  Further  evidence 
supporting  these  findings  has  been  established  using  ion  beam  microanalysis  techniques/14)  Circuits  with  high 
concentrations  of  sodium  and  potassium  in  glass  defect  sites  also  were  attacked  most  rapidly  in  the  presence  of 
water  and  applied  potential. 


IV.  DISCUSSION  o;  .RESULTS 


The  various  experiments  which  have  just  been  discussed  indicated  that  four  factors  were  responsible  for  the 
electrochemical  corrosion  of  Ni-Cr  films: 

(a)  Moisture  present  inside  the  device  package. 

(b)  Defects  in  the  protective  glass  layer  which  allowed  moisture  to  react  with  the  Ni-Cr  resistors. 

(c)  Applied  potential  which  resulted  in  the  transport  of  negative  complexes  of  nickel  and  chromium  to 
anode  contacts. 

(d)  Sodium  contamination  which  appeared  to  accelerate  the  reaction. 

These  observations  will  now  be  combined  with  known  chemical  and  physical  phenomena  to  form  a  model 
for  the  attack  of  Ni-Cr  films  as  found  on  our  test  circuits.  To  accomplish  this  task,  let  us  consider  the  first  two  of 
the  above  factors  and  their  interrelationship. 

A.  EFFECTS  Of  MOISTURE  AND  GLASS  LAYER  DEFECTS 

Several  corroborating  experiments  indicated  tiiat  moisture  was  necessary  to  cause  Ni-Cr  film  failure.  The 
results  of  electrical  and  environmental  stress  testing  also  showed  temperature  cycling  rather  than  a  steady-state 
temperature  condition  to  be  more  effective  in  generating  Ni-Cr  film  failures.  An  explanation  of  this  behavior  was 
developed  from  a  consideration  of  the  process  which  is  most  likely  responsible  for  moisture  condensation  in  the 
cracks  and  pinholes  in  the  deposited  glass  film.  The  dominant  mechanism  appears  to  be  capillary  condensation. 

This  well  known  phenomenon  of  preferential  condensation  of  moisture  in  fine  pore  structures  was 
described  by  ZsigmondyU5)  in  terms  of  the  equilibrium  vapor  pressure  depression  which  takes  place  above  a  curved 
liquid  surface.  As  explained  in  a  more  recent  text,<l6>  vapors  which  are  at  partial  pressures  less  than  the  normal 
saturation  value  are  preferentially  absorbed  or  condensed  in  cracks  and  pores  which  have  concave  surfaces.  In 
addition  to  explaining  preferential  condensation  in  glass  defect  sites  at  temperatures  higher  than  the  “dew  point” 
value  for  a  flat  surface,  this  mechanism  also  requires  a  much  higher  pressure  for  desorption  over  the  surface  of 
the  liquid  than  is  needed  for  absorption.  Simply  stated,  once  a  crack  becomes  wet,  it  icnds  to  stay  wet. 

Within  the  framework  of  this  mechanism,  our  test  sequence  can  be  explained  as  follows: 

(a)  The  temperature  is  lowered  to  a  point  where  capillary  condensation  can  tuke  place.  Water  is  then 
trapped  within  the  microscopic  defects  in  the  glass  film. 

(b)  Once  water  is  condensed,  any  increase  in  the  temperature  will  not  cause  an  equivalent  desorption. 
Thus,  at  the  higher  portion  of  the  temperuture  cycle,  the  major  effect  was  the  acceleration  of  the  chemical  reaction 
which  caused  the  removal  of  Ni  and  Cr  from  biased  resistor  films.  Continued  operation  al  the  top  of  the  temperature 
cycle  would  eventually  result  in  desorption,  necessitating  the  return  to  the  low  temperature  level  where  preferential 
absorption  would  again  provide  the  moisture  needed  to  sustain  the  electrochemical  attack. 

Our  test  results  substantiated  this  sequence  of  events.  Continuous monitoring  of  the  integrity  of  the  Ni-Cr 
resistors  during  the  temperature  cycling  experiments  indicated  that  nearly  ull  of  the  films  failed  during  the  rising 
temperature  portion  of  the  cycle.  There  was  apparently  some  trade-off  between  the  amount  of  absorbed  water  and 
the  rate  of  chemical  rcuction  within  a  given  range  of  temperatures.  This  combination  of  the  proper  amount  of  water 
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at  a  suitably  high  temperature  resulted  in  the  optimum  condition  for  resistor  attack.  We  also  found  an  increase  in 
the  reaction  rate  under  cycled  rather  than  steady-state  bias  conditions.  This  test  arrangement  was  chosen  to 
minimize  device  temperature  rises  due  to  joule  heating  of  the  resistor  films  since  these  higher  temperatures  would 
aid  in  the  water  desorption  process. 

There  is  one  final  note  on  the  deleterious  effects  of  the  various  types  of  defects  in  the  glassivation  layer  of 
these  circuits.  Early  use  of  Ni-Cr  films  for  hybrid  circuit  applications  indicated  no  problem  due  to  the  corrosion  of 
the  thin  film  resistors.  Because  this  type  of  device  didn’t  require  ihe  higher  package  sealing  temperatures  used  on 
our  test  circuits,  no  deposited  glass  layers  were  needed  to  prevent  film  oxidation. 

This  interesting  result  tends  to  imply  that  no  passivation  layer  is  better  than  a  faulty  continuous  passivation 
layer.  This  should  be  expected  if  one  considers  that:  (1)  preferential  condensation  will  not  take  place,  and  (2)  a 
more  uniform  electrode  process  will  govern  the  corrosion  of  the  smooth  surface  of  the  uncoated  resistor. 

This  latter  point  of  electrode  processes  has  received  recent  attention  in  a  thesis  by  Shuck.fi7>  A  detailed 
analysis  of  the  transport  equations  which  govern  chcjuical  corrosion  at  cracked  and  pitted  regions  of  an  electrode 
indicated  that  variations  in  the  electrolyte  composition  in  these  areas  could  lead  to  an  increased  rate  of  attack. 

B.  ELECTROCHEMICAL  REACTION  MODEL 

The  last  ask  in  the  analysis  of  the  failure  of  the  thin  film  Ni-Cr  resistors  was  to  combine  the  concept  of 
preferential  condensation  at  glass  defect  sites  with  the  chemical  information  obtained  with  the  electron  beam 
microanalyzer.  The  remaining  two  factors  which  wilt  be  considered  are: 

(a)  The  build-up  of  nickel  and  chromium  compounds  at  the  most  positively  biased  resistor  contact;  and, 

(b)  The  presence  of  sodium  contamination  on  the  surface  of  the  test  devices. 

The  major  difficulty  in  performing  the  chemical  analysis  was  the  minuscule  amounts  of  materials  involved 
In  the  reaction.  Assuming  bulk  density  values  for  both  nickel  and  chromium,  the  average  amount  of  resistor 
material  removed  from  any  given  resistor  was  on  the  order  of  u  nanogram.  Judiciously  choosing  the  I  BM 
accelerating  potentials  used  for  the  analysis  provided  for  the  proper  determination  of  the  major  reactant  products. 
Therefore,  the  qualitative  wavelength  searches  with  the  various  crystal  spectrometers  were  sufficiently  sensitive  in 
establishing  the  absence  of  all  elements  other  than  nickel,  chromium,  oxygen,  and  sodium  in  the  reacted  films. 

In  addition  to  the  difficulty  in  performing  an  exact  analysis  for  oxygen  due  to  the  presence  of  the  glass 
layer  over  the  resistor  films,  the  major  substrate  Interference  with  the  emitted  x-rays  was  experienced  during  the 
sodium  analysis.  The  mass  absorption  coefficients,  shown  in  Tabic  III,  relied  this  lad.  In  addition,  there  U  little 
absorption  of  the  nickel  and  chromium  K -alpha  x-rays  In  passing  through  the  deposited  glass  film.  An  exact  value 
of  the  muss  absorption  coefficients  for  the  various  x-rays  in  glass  could  not  be  calculated  due  to  the  lack  of  suitable 
data  for  the  oxygon  K-alpha  line.  Nevertheless,  the  general  conclusions  of  analyzing  the  various  factors  affecting 
x-ruy  production  and  detection  indicate  that  the  intensity  variations  presented  iu  both  the  scanning  x-ray  micro¬ 
graphs  and  the  strip  chart  recordings  represent  true  variations  in  the  concentrations  of  the  different  dements  in 
the  analyzed  regions, 

With  assurance  that  the  chemical  behavior  of  the  films  was  us  accurately  determined  as  possible  with  the 
EBM,  an  investigation  of  known  chemical  reactions  was  undertaken  in  order  to  explain  the  obsetvations. 


There  are  two  possible  reactions  when  nickel  and  chromium  are  exposed  to  aqueous  solutions.^8)  hither 
the  complex  cations: 

Ni  (lbO)£+  and  Cr(CH)J+  are  formed,  or  when  excess  hydroxyl  ions  are  present, 

Ni(OH)j  and  Cr(011)4  . 

The  presence  of  sodium  on  the  surface  of  the  device  would  cause  ionization  of  water  to  take  place  and 
provide  the  excess  OH"  concentration.  This  fact,  coupled  with  the  build-up  of  material  at  anode  contacts,  implies 
that  the  Ni-Cr  resistors  are  failing  as  the  result  of  the  formation  and  transport  of  the  metal-hydroxyl  anions. 

The  rate  at  which  material  reaches  the  positive  electrodes  is  determined  by  Faraday's  law  of  Electrolysis. 
As  the  negative  ions  undergo  electron  exchange  at  the  anode,  compounds  such  as:  NiO  •  XH2O  and  Cr^Oj  •  xlhO 
can  be  formed.  There  are  other  possibilities  such  as  nickel  hydroxide  and  other  oxides  of  chromium.  The  firs* 
compounds  have  the  properties  of  being  insoluble  in  both  water  and  sodium  hydroxide  solutions.  This  fact 
could  explain  the  stability  of  the  observed  reactant  products  in  the  presence  of  these  solutions  within  the  cracks  in 
the  glass.  Although  sample  geometry  and  chemistry  precluded  an  exact  determination  of  the  reactant  products,  the 
qualitative  analyses  tend  to  confirm  the  presence  of  either  oxide  or  hydroxide  compounds  of  both  nickel  and 
chromium. 

The  amount  of  water  needed  to  cause  these  types  of  reactions  is  on  the  order  of  a  few  nanograms. 
Recalling  the  data  presented  in  Table  V,  the  average  amount  of  water  observed  in  a  hermetic  device  package  would 
correspond  to  an  absolute  amount  of  water  in  the  microgram  range.  This  calculation  indicates  the  there  is  more 
titan  enough  water  to  cause  the  reaction  in  sealed  devices. 

A  tittle  better  understanding  of  the  microscopic  processes  which  take  place  at  the  Ni-Cr  electrode  can  be 
gained  by  a  closer  examination  of  the  scanning  x-ray  micrographs  shown  in  Figure  1 1  As  may  be  noted,  there  is  a 
higher  concentration  of  the  nickel  rather  than  the  chromium  compound  near  the  edge  of  the  positively  biased 
aluminum  conductor.  It  is  also  evident  that  the  nickel  is  preferentially  removed  from  the  reacted  resistor  film. 

This  effect  is  so  pronounced  that  in  some  cases  a  resistor  will  still  have  electrical  continuity,  even  though  there  is 
little  detectable  nickel  present  in  the  reacted  regions.  In  light  of  the  FBM  characterization  of  the  test  films  and 
their  similarity  to  those  described  in  Relerence  there  is  reason  to  suspect  the  preferential  attack  of  the  Nt-Cr 
metal  phase  of  the  resistor.  The  Cr  phase  would  he  attacked  much  slowet  because  it  ultcady  exists  in  a  partially 
oxidized  state. 

There  are  other  possible  explanations  for  the  enhanced  reaction  of  nickel,  but  they  would  require  the 
selective  corrosion  of  nickel  in  the  presence  of  metallic  chromium.  This  concept  is  quite  hard  to  reconcile  with  the 
fact  that  nickel  is  less  reactive  than  chromium.  The  idea  of  a  partially  oxidized  layer  of  chromium  that  is  more 
impervious  to  attack  than  an  tmoxidi/cd  Ni-Cr  phase  would  he  in  better  agreement  with  the  I  BM  data. 

The  last  point  to  consider  Is  the  necessity  for  an  electrochemical  rather  than  a  simple  chemical  reaction  to 
cause  failure.  As  explained  earlier,  very  little  is  known  about  the  behavior  of  electrolytes  ui  fine  cracks  undcaptl- 
•aws.One  can  only  postulate  thus  in  the  absence  of  an  applied  potential.  <hc  reaction  of  the  hydroxyl  ions  with 
the  NK'r  film  remits  in  electrode  polarization  processes  similar  to  those  encountered  in  standard  electrochemical 
eelljt.fi**  These  processes  may  prevent  further  chemical  attack  until  the  complex  nickel  ami  chromium  hydroxyl 
ions  are  transported  to  an  anodic  contact.  During  this  tonic  transport,  an  unreacted  surface  of  the  resistor  could  be 
exposed  to  further  hydroxyl  km  attack.  A  more  definitive  explanation  of  this  point  could  be  reached  only  by 
special  electrochemical  studies  designed  to  determine  the  Important  parameters  Mich  as  the  degree  of  electrode 
polarization  ami  transport  numbers  for  the  nickel  and  chromium  complex  tons,  litis  elaboration,  needless  to  say. 
was  not  considered  within  the  scope  of  this  investigation. 
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C.  DEVICE  PROCESSING  CONSIDERATIONS 


As  stated  in  the  introduction  to  this  report  one  of  the  most  serious  limitations  encountered  when  thin 
film  resistor  elements  are  incorporated  on  an  active  monolithic  integrated  circuit  ts  the  difficulty  in  achieving 
compatibility  between  the  thin  film  materials  and  the  rest  of  the  standard  device  processing  steps  and  materials. 

The  complementary  analytical  techniques  used  on  this  program  have  helped  to  establish  the  major  problem 
observed  in  one  class  of  devices  and  the  interrelationship  of  the  various  structural  and  chemical  factors. 

Integrated  circuit  processing,  especially  the  deposition  of  the  protective  glass  overlay,  has  a  very  important 
influence  on  the  performance  of  the  Ni-Cr  resistors.  Ail  devices  in  this  study  had  poorly  fabricated  glass  films.  The 
presence  of  severe  defects  in  the  glass  made  all  devices  susceptible  to  moisture  penetration  and  attack.  Even  if  an 
ideally  perfect  SilH  layer  could  have  been  deposited,  it  would  still  have  to  withstand  the  subsequent  device  pro¬ 
cessing  steps.  The  most  critical  of  these  procedures,  as  inferred  from  the  structural  and  chemical  analyses  performed 
on  this  study,  is  the  final  ltd  sealing  operation. 

In  addition  to  the  thermal  stresses  introduced  during  the  high  temperature  sealing  operation,  there  is  the 
added  possibility  of  the  outgassing  of  impurities  from  the  various  parts  of  the  package.  This  outgassing  may  likely 
be  the  source  of  the  sodium  contamination.  The  addition  of  this  element  to  the  glass  parts  of  the  package  may 
appear  rather  imprudent  in  light  of  the  observed  chemical  reactions  with  the  Ni-Cr  films.  The  major  reason  tor  the 
use  of  sodium  and  other  alkali  metals  is  to  modify  the  thermal  expansion  properties  of  the  different  glasses.  This  is 
essential  in  order  to  assure  a  proper  seal  between  the  dissimilar  package  parts  and  is  especially  critical  for  a  durable 
glass-to-metal  seal  at  the  device  lead  frame. 

During  the  course  of  this  study,  a  paper'-0'  was  published  on  the  various  problems  associated  with  device 
packaging.  As  Deal  states  in  this  work,  two  of  tiie  critical  areas  associated  with  the  glasses  used  in  ceramic  packages 
were: 

(a)  The  outgassing  of  chemical  impurities  during  sealing. 

(b)  The  attaekof  the  device  metallization  by  moisture. 

Although  sodium  was  specifically  isolated  by  Deal  as  a  contributor  to  device  failure,  the  maim  pomt  of 
concern  was  its  influence  on  the  silicon  surface  properties.  Ills  discussion  applies  equally  well  to  our  test  devices 
provided  the  weakest  point  of  the  integrated  circuit  is  the  vulnerability  of  the  NKT  rcsistots  to  chemical  attack 
rather  than  the  susceptibility  of  the  device  to  failure  from  sut  face-related  effects. 

The  dependence  of  the  severity  of  the  effects  of  smllum  contamination  on  device  processing  may  be 
inferred  from  Table  VI.  The  strong  lot  dependence  for  high  sodium  concentration  suggests  the  loss  of  control  on 
eillter  processing  or  the  quality  of  the  materials  used  in  the  device  package,  There  are  so  many  operations  during 
which  the  package  is  prepared  for  final  seal  that  it  is  conceivable  that  one  of '  them  resulted  in  the  excess  sodium 
outgassing  on  lot  A  and  not  on  the  others,  the  types  of  manufacturing  procedures  which  could  lead  to  these: 
results  could  not  be  determined  by  any  chemical  analysts  techniques  with  the  EBM.  litis  type  of  a  study  could 
be  effectively  performed  only  by  the  device  manufacturer  or  package  supplier.  Only  they  would  have  the  visibility 
into  the  specific  processing  steps. 

There  is  another  interesting  fact  about  the  influence  of  sodium  on  device  failure  that  is  shown  m  fable  VI. 
There  ate  three  stressed  non- failed  dcvkc*.U\.  A*6,AO<».  <£•*,  which  have  significant  levels  of  soJtum  cotitammntmn 
within  defect  regions  in  the  glass  layer.  These  devices  wete  removed  from  the  stress  tests  after  a  specified  per  tod  ot 
time.  These  devices  may  not  have  failed  due  to  a  lack  of  sufficient  moisture  to  sustain' the  ekettwhrmwai  attack 
Some  water  vapor  must  have  been  present  since  it  is  believe  i  that  ilw  sodium  re*.t-  >  thcNWr  itino  br  the  aUton 


of  water  leaching  this  element  from  contaminated  surfaces  within  the  device  package  and  its  subsequent  preferential 
condensation  in  the  glass  defect  sites.  This  interpretation  is  in  agreement  with  the  results  of  the  internal  package  gas 
analysis.  Water  was  found  in  all  packages  but  only  devices  with  a  level  of  about  1.7%  failed. 


This  brings  us  to  the  last  critical  area  associated  with  device  production.  Although  cracked  glassivation  and 
sodium  contamination  are  important  contributors  to  the  Ni-C'r  resistor  attack,  moisture  is  the  necessary  factor. 
Therefore,  one  must  assure  an  initially  dry  package  and  one  which  maintains  its  hermetic  seal  integrity  over  the 
entire  temperature  range  anticipated  for  device  use. 


We  normally  assume  that  any  moisture  that  is  present  within  the  device  enters  after  final  sealing  operation. 
This  assumption  was  unfounded  in  this  study  since  new  devices  had  nearly  0.2%  water  vapor  content  in  the  internal 
package  gas.  This  may  have  resulted  from  sealing  in  a  wet  atmosphere  or  from  outgassing  of  the  package  during  lid 
seal.  As  tests  were  performed  on  these  circuits,  the  water  vapor  level  increased.  This  can  be  attributed  to  a  loss  of 
hermeticity  of  the  package.  The  insidious  point  about  this  problem  is  the  limitation  on  our  methods  for  determining 
gaseous  leak  rates  for  ceramic  packages.  The  results  of  this  study  were  inconclusive  in  determining  any  loss  of 
hermeticity,  bach  device  exhibited  a  gaseous  leak  rate  which  was  “in  the  nouc”  both  before  and  after  the  stress  tests. 


V  SUMMARY  AND  CONCLUSIONS 


I  lie  clectrochcm'.  :il  attack  ot  tlim  film  Ni-C  r  resistors  is  contingent  on  the  presence  o1  I  Ik*  following  factors 

1 1 )  I  lie  availability  ol  moisture  within  the  cavity  ot  the  hermetic  device  package. 

( .''.I  Biased  operation  ot  the  test  devices  at  temperatures  at  which  moisture  can  condense  on  the  device  surlace. 

CD  A  deli  .  live  glass  layer  over  the  thin  film  resistors. 

<4)  liie  presence  of  sodium  contamination  on  the  surlace  of  the  integrated  circuit. 

These  results  were  obtained  using  the  electron  beam  imcroanaly/er  and  scanning  election  microscope  in 
conjunction  with  mass  spcctrographie  gas  analysis  techniques.  Within  the  limitations  of  the  chemical  analysis 
methods  afforded  by  the  LBM.  the  reactant  products  of  failed  resistor  films  were  identified  as  oxide  or  hydroxide 
compounds  of  nickel  and  chromium. 

These  observations  were  evaluated  in  light  of  known  physical  and  chemical  phenomena  which  could  be 
operative  in  the  presence  of  the  tour  critical  factors.  The  major  reactions  were: 

( 1 )  The  preferential  condensation  of  water  in  cracks  and  pinholes  in  the  deposited  glass  layer. 

(  d)  Hydroxyl  ion  attack  of  nickel  and  chromium,  accelerated  by  the  ioni/ation  of  water  by  sodium. 

(.D  The  electrochemical  transport  of  negative  hydroxyl  ion  complexes  of  nickel  and  chromium  and  the 
subsequent  build-up  of  compounds  of  these  materials  at  anodic  contacts. 

Within  the  context  of  the  proposed  model  for  the  attack  of  the  thin  film  resistors,  several  recommendations 
are  offered  as  a  means  of  minimizing  the  susceptibility  of  monolithic  integrated  circuits  to  this  problem 

!  1 1  Tho  usc  of  a  defect-free  deposited  glass.  This  may  necessitate  the  use  of  other  deposition  techniques 
such  as  the  pyrolysis  of  silane  gas,  or  composite  methods  such  as  vacuum  deposited  SiCD  followed  by  silane  S>(  l  v 
These  processes  would  promote  better  coverage  of  the  edges  of  the  aluminum  conductor  stripes,  thereby  eliminating 
the  large  gap  type  of  defects  observed  on  our  test  devices.  There  still  might  be  pinholes  with  these  types  of  glasses, 
and  these  pinholes  could  lead  to  failure  if  located  near  a  Ni-t'i  ‘Tin.  Care  must  be  exercised  that  any  glass  used 
for  a  protective  overlay  be  capable  of  withstanding  the  thermal  stresses  imposed  by  such  operations  as  device  lid 
sealing. 

( ’)  nie  ehniinatumjif  contaniinai’ts  within  the  device  package.  The  major  reactant  which  must  be  controlled 
is  water.  Secondly,  elements  such  as  sodium  or  other  chemical  accelerators  must  also  be  eliminated.  These  pro¬ 
cedures  require  a  three  fold  approach. 

(a)  bhininatc  any  source  of  moisture  within  the  atmosphere  inside  the  sealing  furnaces.  This  standard 
icquircment  for  all  types  of  semiconductor  devices  can  be  difficult  to  accomplish.  T'ven  though  circuits  without 
Ni-Cr  resistors  arc  less  susceptible  to  small  variations  in  package  moisture  content,  the  use  of  1 50  Angstrom  films 
imposes  the  need  for  more  stringent  controls  in  this  area. 

(b)  Reduce  the  amount  ol  contaminants  which  can  outgas  from  the  package  materials  both  before 
final  lid  seal  and  during  subsequent  high  temperature  device  operation.  In  order  to  accomplish  this  task,  improved 
pre-scaling  package  treatment  processes  arc  needed.  The  major  area  for  control  lies  in  the  methods  used  to  handle 


.10 


tiie  lid  sealing  glass.  This  material  is  applied  to  the  ceramic  lid  in  the  form  of  a  slurry.  This  slurry  is  then  fired  to 
form  a  solid  at  a  temperature  below  the  glass  devitrification  temperature  encountered  during  lid  seal.  Improper 
outgassing  of  this  material  during  the  pre-firing  operation  can  lead  to  the  injection  of  moisture  into  the  package 
during  the  final  sealing  operation. 

Along  these  same  lines,  the  elemental  constituents  of  the  glass  package  parts  may  themselves  outgas 
during  the  high  temperature  sealing  operation.  The  presence  of  sodium  on  the  device  surface  has  been  attributed 
to  this  process.  The  elimination  of  this  accelerating  factor  for  film  corrosion  can  be  accomplislied  by  not  using  this 
clement  as  a  glass  modifier.  On  the  other  hand,  this  could  lead  to  poor  thermal  expansion  properties  of  the  glass 
and  the  failure  of  the  hermetic  seal.  Another  alternative  is  the  use  of  a  lower  temperature  sealing  process.  Although 
sc  ne  available  solder  glass-ceramics  seal  at  a  lower  temperature  than  that  used  on  these  devices,  the  variation  is 
only  slight  and  would  not  appreciably  minimize  the  outgassing  of  elements  such  as  sodium  which  have  liigh  vapor 
pressures  at  those  temperatures. 

(c>  Assure  package  hermetic  seal  integrity  over  the  entire  temperature  range  anticipated  for  device 
use.  The  sealing  process  requires  the  compatibility  of  all  materials  used  in  the  device  package.  Other  than  the 
porosity  of  the  ceramic  material  itself,  the  most  critical  areas  in  causing  toss  of  hcrmeticiiy  are  the  glass-to-metal 
lead  frame  seals  and  the  package  (id  seal.  Difficulties  in  achieving  tills  goal  using  ceramic  packages  may  necessitate 
a  change  to  a  completely  different  system  such  as  an  all-metal  package. 

In  conclusion,  the  results  of  this  study  have  led  to  a  more  compwhensive  understanding  of  the  inter¬ 
action  of  many  of  the  chemical  and  physical  factors  which  lead  to  tlie  electrochemical  attack  of  thin  film  Ni-Cr 
resistors.  Because  the  integrated  circuits  studied  on  this  program  were  typical  of  other  microcircuits  using  thin 
film  lestttori,  the  recommendations  which  have  been  outlined  should  provide  guidelines  for  improved  reliability 
oi  a  wide  variety  of  similar  devices. 
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